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Abstract

beam with a wavelength of 632.8 nm.

In this work, three slanted silver nanorod arrays (NRAs) with different thicknesses are fabricated using the glancing
angle deposition method. Each silver NRA in the Kretschmann configuration is arranged to form a prism/NRA/air
system. Attenuated total reflection occurs over the visible wavelengths and wide incident angles of both s- and
p-polarization states. The extinctance is inversely proportional to the thickness of the Ag NRA. The thinnest NRA,
with a thickness of 169 nm, exhibits strong extinctance of more than 80% over the visible wavelengths. The
associated forward scatterings from the three NRAs are measured and compared under illumination with a laser
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Background

Reflection, transmission, absorption, and scattering are
the four optical responses of a material that is illumi-
nated with an electromagnetic wave. The development
of optical thin films and nanotechnology enables the ma-
nipulation of reflection and transmission at designated
wavelengths and angles of incidence [1,2]. Light is scat-
tered from a micro- or nanostructure whose characteris-
tic size is near or above the wavelength of illuminated
light. A nanoparticle array typically converts most of the
input power into reflection, transmission, and absorption
and only a small part into the scattering energy [3]. For
a metal nanostructure, some of the energy of incident
light is used in extinction, including absorption and scat-
tering, and some is used in transmission and reflection.
Recently, optical scattering from metallic nanoparticles
has been applied in bio-sensing, such as in surface-
enhanced Raman scattering (SERS) [4,5] and surface-
enhanced fluorescence [6,7]. Many efforts have been
made to strengthen the local electric field via local surface
plasmonic resonance. However, coupling light energy into
the nanoparticles is important to increase scattering by
diminishing both reflection and transmission. It is usually

* Correspondence: jyjun@ntut.edu.tw
Department of Electro-Optical Engineering, National Taipei University of
Technology No. 1, Sec. 3, Chung-Hsiao E. Rd, Taipei 106, Taiwan

@ Springer

difficult to raise light coupling as the incident angle ex-
ceeds the Brewster angle because the reflection increases
with the incident angle for both p- and s-polarization
states. When the incident angle exceeds the critical angle,
the total reflection effect would further reduce the light
coupling effect. In this work, a slanted silver nanorod array
(NRA) is arranged in the Kretschmann configuration to
couple incident light energy into the Ag NRA by eliminat-
ing reflection and transmission. As the angle of incidence
increases over the critical angle of the prism/NRA/air sys-
tem, diminished s-polarized and p-polarized specular re-
flectances increase the efficiency of the coupling of the
light energy into the Ag NRA. In a previous study, gold
particles were arranged in an evanescent field that was
generated by the total internal reflection of light from a
halogen lamp in a glass prism. The light that was scattered
by individual particles was collected using a conventional
microscope and spectrally analyzed by a nitrogen-cooled
charge-coupled device array that was coupled to a spec-
trometer [8]. However, the magnitude of the coupling of
incident power into the nanoparticle array remains un-
known and must be enhanced.

The NRA of interest herein is a silver NRA. Deposited
silver NRAs have been fabricated, measured, and ana-
lyzed for the past 10 years [9]. Tilting the substrate dur-
ing deposition causes a columnar array to grow owing to
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the self-shadowing effect. When the tilted Ag NRA is il-
luminated by electromagnetic waves, anisotropic absorp-
tion is observed because the oscillation of the electric
field along and perpendicular to the rod induces the lon-
gitudinal plasmon mode (LPM) and the transverse plas-
mon mode (TPM) [10]. The deposition plane is defined
by the direction of growth of the rods and the surface
normal. An electric field that oscillates parallel (vertical)
to the deposition plane is defined as p(s)-polarized. For
a light wave that is normally incident upon a silver
NRA, the reflection and absorption of the p-polarized
light is higher than those of the s-polarized light for
the optical wavelengths that excite the LPM. Our recent
work revealed that the permeability of a silver NRA de-
parts from unity, and the real part of the refractive
index for p-polarized light was measured to be negative
for a glancing-deposited silver NRA with a thickness of
160 nm [9].

When the impedance and refractive index were con-
sidered independently of each other, the optical re-
sponses of a metal NRA are more diverse than those of
a traditional optical thin film whose impedance and re-
fractive indices are the reciprocals of each other. In this
work, three glancing-deposited silver NRAs with thick-
nesses of 169, 198, and 269 nm are arranged in the
Kretschmann configuration in the prism coupling system
BK7 prism/NRA/air to observe the optical coupling effect.
Reflectance is measured versus wavelength and incident
angle under total reflection. The measurements indicate
that the extinction in the system is enhanced under the
conditions of total reflection for visible wavelengths over a
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large range of angles. The measured extinctance spectra
indicate that extinctance is inversely proportional to the
thickness of the NRA. The associated forward scattering
into air is measured and compared with that of NRA
under a normal incidence of a laser beam with a wave-
length of 632.8 nm upon the air/NRA/glass system.

Methods

Electron beam evaporation [11,12] was applied to grow
Ag NRAs. In this work, the substrate normal was tilted
at an angle of 89° from the direction of incidence of the
vapor during the deposition process. The center of the
substrate and the evaporation source separated vertically
by a distance of 290 mm. The deposition rate of Ag is
maintained at 3 A/s. Pumping yields a background pres-
sure of 4 x 107 torr before evaporation. Ag NRAs with
thicknesses of 169, 198, and 269 nm are thus fabricated.
Figure 1 presents the top view and cross-section scan-
ning electron microscopic (SEM) images of Ag NRAs
with thicknesses of 169, 198, and 269 nm, respectively.
The average diameter of the nanorods of the three sam-
ples is around 80 nm. The angle between the normal
direction of the substrate surface and the average orien-
tation of growth of the rods is about 66°.

Results and discussion

The transmittance and reflectance spectra are measured
at normal incidence, as shown in Figure 2. The s-
polarized and p-polarized transmittance and reflectance
spectra are similar to those obtained elsewhere [9]. For
169-nm-thick Ag NRA, an average T}, of around 9.6% is
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Figure 1 Top view and cross-section SEM images. (a, d) Ag NRA with a thickness of 169 nm. (b, €) Ag NRA with a thickness of 198 nm.
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Figure 2 Transmittance and reflectance spectra measured at normal incidence. Measured Ag spectra of transmittance T, reflectance R, and
extinctance £ j € {p, s}, of NRA with thickness of (a, b) 169 nm, (c, d) 198 nm, and (e, f) 269 nm.

Prism

Prism

Figure 3 NRA nanostructure in BK7 glass prism/NRA/air. Deposition plane, defined by directions of rod and surface normal, is orientated at
angles of (a) ¢ =0° and (b) ¢ = 180°. The angle of incidence 6 and the azimuthal angle ¢ are indicated.
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Figure 4 S- and p-polarized extinctance versus wavelength and angle of incidence. s-polarized and p-polarized extinctance versus
wavelength A € [400 nm, 800 nm] and angle of incidence 6 € [45°, 70°] for Ag NRAs with thicknesses of (a, b, ¢, d) 169 nm, (e, f, g, h) 198 nm,
and (i, j, k, 1) 269 nm.
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obtained in the visible regime, and T, rises from 13.7%
at 400 nm to 51.3% at 700 nm. For the 198-nm-thick Ag
NRA, the average T, is approximately 3.7% in the visible
regime, and 7 rises from 7.7% at 400 nm to 45.2% at
700 nm. For the 269-nm-thick Ag NRA, the average T,
is approximately 2.6% in the visible regime, and T in-
creases from 3.1% at 400 nm to 27.7% at 700 nm.

The Ag NRA was arranged in the Kretschmann con-
figuration as a BK7 prism/Ag NRA/air system with its
deposition plane coincident with the plane of incidence,
as shown in Figure 3. The angle between the deposition
plane and the plane of incidence is ¢ = 0° or ¢ = 180° as-
sociated with two possible directions of the rods. Reflect-
ance was measured at angles of incidence from 6 =45°
to 6 =70° which exceeded the critical angle. As the inci-
dent angle exceeds the critical angle, the transmittance
is vanished and the extinctance E defined as the sum of
scatterance and absorptance can be derived from reflect-
ance R via the relationship £ =1 - R.

Figure 4a,b,c,d,e,f,g,h,ijk,1 plot extinctance E;(A, 60) ver-
sus wavelength from 400 to 800 nm and incident angle
from 6 =45° to 6 =70° when the Ag NRA was illumi-
nated by s(j = s)-polarized or p(j = p)-polarized light. For
the 169-nm-thick NRA that was oriented at ¢ =0°, the
extinctance E, (A, 6) and E (A, 0) exceeded 84 and 65%
over all of the measured wavelengths and angles of inci-
dence, respectively. In Figure 4a, E,(1, 6) exceeds 90%
over all of the considered wavelengths at angles of less
than 60°. Es(A, 6) becomes less than 85% at wavelengths
between 400 and 450 nm. The strong EyA, 6) of over
90% is distributed over all angles at wavelengths from
512 to 730 nm, as shown in Figure 4b. When the 169-
nm-thick NRA is oriented at ¢ =180°, the extinctance
E,(A, 0) is less than that measured at ¢ =0°, as shown in
Figure 4c. A comparison of Figure 4b,d reveals that Ey(1, 6)
that is measured at ¢ = 0° is very similar to that at ¢ = 180°
because the growth directions of the rods are vertical
to the oscillating direction of the electric field of s-
polarization in both cases.

For the 198-nm-thick NRA that was oriented at ¢ =0°
or ¢ =180°, the extinctance E,(, 6) and E (A, 6) varied
with wavelength and angle in a manner similar to the
corresponding variations of the 169-nm-thick NRA. The
values of E, (A, 8) and E (A, 6) in Figure 4e,g are on aver-
age 5 and 3% less than those in Figure 4a,c, respectively.
The strong E, (A, 6) of over 90% is distributed over wave-
lengths from 508 to 550 nm and angles from 6 =45° to
6 =70°, as shown in Figure 4e. The values of extinctance
E((A, 0) in Figure 4fh are on average 6 and 3% less than
those in Figure 4b,d, respectively. The strong E A, 6) of
over 90% is found at wavelengths from 560 to 800 nm and
at angles from 6 =45° to 8 =70°, as shown in Figure 4f.
The difference between E (A, 6) that is measured at ¢ =0°
and E (), 0) that is measured at ¢ = 180° is only 3%.
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The extinctance E (1, ) and E (A, 6) of the 269-nm-
thick NRA that is oriented at ¢ =0° or ¢ =180° varies
with wavelength and angle similarly to the variations of
the other two samples. The values in Figure 4ik are on
average 3 and 5% less than those in Figures 4e,g, respect-
ively. The extinctance E4(A, 6) in Figure 4j,1 is an average
of 5 and 2% less than those in Figure 4fh, respectively.
The difference between E (A, 0) that is measured at ¢ = 0°
and E(\, 0) that is measured at ¢ = 180° is only 3%.

To investigate the scattering energy from the Ag NRA,
an integrating sphere with a diameter of 5 cm is used to
measure the forward light scattering. The scattering in-
tensities of the three samples are compared when each is
arranged in an air/NRA/BK?7 glass system to be illuminated
at normal incidence or is arranged in the Kretschmann
configuration to be illuminated at oblique incidence. First,
the Ag NRA on BK7 glass substrate is illuminated at nor-
mal incidence by an He-Ne laser with a wavelength of
632.8 nm. As shown in Figure 5, the forward scattering
was measured using the integrating sphere with two open-
ings to prevent the specular beam from interrupting the
scattering measurement. As presented in Table 1, the for-
ward scattering intensity under p-polarized illumination is
less than that under s-polarized illumination.

Next, the Ag NRA is arranged in the Kretschmann
configuration and its scattering intensity measured. As
shown in Figure 6, the illuminated area of the film falls

Integrating|Sphere

BK7

Incident light

Forward light scattering

Figure 5 Scheme of forward scattering measurement forS . je
{p, s} of NRA measured using integrating sphere.
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Table 1 Scattering intensity S . j < {p, s}, of NRA,
measured using integrating sphere for forward scattering

Forward scattering  169-nm thick 198-nm thick 269-nm thick
Snormal-p 3.5 (au) 3.7 (au) 55 (a.u.)
Shormal-s 5.0 (a.u.) 6.8 (a.u.) 12.1 (@.u)

entirely within the opening of the integrating sphere. As
the incident angle is varied from 6 =45° to 6 =70°, the
angular spectrum of the scattering intensity ratio is mea-
sured at ¢ =0° and ¢ =180° and is in Figure 7. For the
169-nm-thick Ag NRA that is oriented at ¢ =180, the
scattering intensity Sy, varies from Sy, = 6.928 at 6 =45°
to Si =6.950 at 6 =70° under p-polarized illumination
and from Sy, =7.704 at 0 =45° to Sy, =7.187 at  =70°
under s-polarized illumination. At ¢ =0°, the measured
scattering intensity is approximately 6.165 and 7.176
under p-polarized illumination and s-polarized illumin-
ation, respectively. These scattering intensities in the
Kretschmann configuration are larger than those under
normal illumination because the coupling effect is suffi-
ciently strong that almost 90% of the incident light cou-
ples into the rods.

For the 198-nm-thick Ag NRA that is oriented at
¢ =180°, the scattering intensity Sy, is approximately 6.863
under p-polarized illumination and decays from Sy, = 8.696
at 6 =45° to Sy, =6.368 at 6 =70° under s-polarized illu-
mination. At ¢ =0°, the scattering intensity Sy, is approxi-
mately 4.501 under p-polarized illumination and decays
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from S, =7.417 at 0 =45° to S, =5.934 at 6 =70°
under s-polarized illumination.

For the 269-nm-thick Ag NRA that is oriented at
@ =180°, the scattering intensity Sy, varies from Sy, = 5.592
at 0 =45° to Sy, = 8.329 at 0 =70° under p-polarized illu-
mination and from Sy, = 13.340 at 6 = 45° to Sy, = 7.047 at
6 =70° under s-polarized illumination. At ¢ =0°, the scat-
tering intensity S, varies from Sy, =5.284 at 6 =45° to
Sir =6.159 at 6 =70° under p-polarized illumination and
from S;, =9.927 at 8 =45° to S;, = 6.908 at 8 =70° under
s-polarized illumination. The scattering intensities for
both polarization states are less than those under normal
illumination, although in both cases, the extinctances are
similar, at approximately 80%.

The scattering intensity that is measured at ¢ = 180° ex-
ceeds that measured at ¢ =0°. The scattering intensity in-
creases with the thickness of the NRA for both polarization
states, but the increase in the Kretschmann configuration
is not as high as that under normal illumination.

The broadband and wide-angle extinctance spectra
require further measurement and investigation in the fu-
ture. The equivalent optical constants at normal incidence
were described by complex refractive index and complex
impedance; both parameters were derived from measured
transmission coefficient and reflection coefficient of air/
NRA/substrate system. However, the equivalent optical
constants at oblique incidence are still under develop-
ment; the walk-off interferometer for measuring reflection
and transmission coefficients needs to be modified. Based
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Figure 6 Scheme of scattering measurement for S, j € {p, s} of NRA. This is measured using integrating sphere at orientations (a) ¢ =0°
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on the refractive index and impedance measured at differ-
ent angles of incidence, the anisotropic property of the
metamaterial thin film will be understood, and the mech-
anism for the strong extinctance in this paper can be
revealed.

Conclusions

When a silver NRA with a thickness of 169, 198, or 269
nm is arranged in the Kretschmann configuration, the
broadband and wide-angle extinctions cause strong en-
ergy coupling from the incident light to the NRA. High
extinction occurs for both s- and p-polarization. The
situation differs from that when the same NRA is

illuminated normally, when the extinctance is proportional
the thickness of the NRA. The highest extinction in the
Kretschmann configuration occurs that of the thinnest
NRA, with a thickness of 169 nm. Owing to the strong
light coupling effect, the 169-nm-thick NRA exhibits
stronger forward light scattering in the Kretschmann con-
figuration than that in the air/NRA/BK7 glass system
under normal illumination. Since the glancing-deposited
silver NRA has been demonstrated to be a highly sensitive
and a substrate for surface-enhanced Raman scattering
can be easily fabricated, this technique for confining en-
ergy within a nanostructure will increase signal strength
and sensitivity in bio-sensing.
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LPM: longitudinal plasmon mode; NRA: nanorod array; SERS: surface-enhanced
Raman scattering; TPM: transverse plasmon mode.
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